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Synaptic communication between neurons requires
the precise localization of neurotransmitter receptors
to the correct synapse type. Kainate-type glutamate
receptors restrict synaptic localization that is deter-
mined by the afferent presynaptic connection. The
mechanisms that govern this input-specific synaptic
localization remain unclear. Here, we examine how
subunit composition and specific subunit domains
contribute to synaptic localization of kainate recep-
tors. The cytoplasmic domain of the GluK2 low-affin-
ity subunit stabilizes kainate receptors at synapses.
In contrast, the extracellular domain of the GluK4/5
high-affinity subunit synergistically controls the
synaptic specificity of kainate receptors through
interaction with C1q-like proteins. Thus, the input-
specific synaptic localization of the native kainate
receptor complex involves two mechanisms that un-
derlie specificity and stabilization of the receptor at
synapses.INTRODUCTION
Proper synaptic communication requires correct localization of
neurotransmitter receptors to specific postsynaptic sites. Gluta-
mate is the major excitatory transmitter in the vertebrate brain,
and three classes of ionotropic glutamate receptors (kainate,
AMPA, and NMDA) mediate the vast majority of synaptic trans-
mission at excitatory synapses.Whereas most excitatory synap-
ses contain AMPA- and NMDA-type receptors, kainate-type
glutamate receptors (KARs) only localize to select synapses
(Contractor et al., 2011; Darstein et al., 2003; Foster et al.,
1981; Isaac et al., 2004; Monaghan and Cotman, 1982; Nicoll
and Schmitz, 2005; Petralia et al., 1994). This restricted localiza-
tion of KARs is apparent in the hippocampal stratum lucidum
where mossy fiber axons projecting from dentate gyrus granuleThis is an open access article under the CC BY-Nneurons form complex synapses with CA3 neurons (Castillo
et al., 1997; Contractor et al., 2003; Darstein et al., 2003; Mulle
et al., 1998; Petralia et al., 1994; Vignes and Collingridge,
1997). In contrast, KARs are found at all synapses in the cere-
bellum, where granule cells receive input from only one type of
excitatory afferent, the mossy fiber (Yan et al., 2013). Mecha-
nisms underlying these synaptic differences remain unclear.
KARs in the brain form a tripartite hetero-oligomeric complex
consisting of the low-affinity GluK1–3 and high-affinity GluK4/5
KAR subunits along with Neto auxiliary subunits. Because
KAR-mediated transmission is absent in primary cultured hippo-
campal neurons (Lerma et al., 1993), studying synapses in vivo
using mouse gene-targeting approaches has been particularly
useful in identifying KAR components required for synaptic local-
ization and function. Knockout of the primary low-affinity subunit
GluK2 abolishes KAR currents aswell as localization of receptors
(Mulle et al., 1998; Yan et al., 2013). In addition, GluK2 KO mice
exhibit reduced expression of other components of the native
KAR complexes, GluK4/5 and Neto1/2 (Christensen et al.,
2004; Nasu-Nishimura et al., 2006; Ruiz et al., 2005; Straub
et al., 2011; Zhang et al., 2009). In Neto1 KO mice, synaptic
expression of KARs is unchanged at hippocampal mossy fiber-
CA3 cell synapses, while the decay kinetics of the current are
dramatically faster (Straub et al., 2011). In mice in which both
Neto1 and Neto2 are ablated (Neto1/2 DKO) or mice in which
both high-affinity subunits are knocked out (GluK4/5 DKO),
KARs are reduced in the post-synaptic density (PSD) (Fernandes
et al., 2009; Wyeth et al., 2014). In addition, GluK4/5 DKO mice
lack KAR-mediated synaptic currents at mossy fiber synapses
despite no obvious difference in the surface expression of the
GluK2 subunit (Fernandes et al., 2009). Because dysregulation
in multiple steps of receptor biogenesis, including protein
expression, surface expression, synapse specific localization,
and synaptic stabilization can affect synaptic activity of KARs,
it remains unclear which components of the receptor complex
contribute to synaptic stabilization and synapse-specific locali-
zation of KARs in the brain.
In this study, we used a gene-targeting approach to elucidate
the mechanisms of synapse-specific localization of KARs byCell Reports 16, 531–544, July 12, 2016 ª 2016 531
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systematically examining the roles of the predominant subunits
within the native receptor complex. The results demonstrate
that the cytoplasmic domain of GluK2 plays specific roles in
synaptic stabilization, but not in surface expression or protein
levels in the brain. On the other hand, in CA3 pyramidal cells,
the GluK4/5 high-affinity subunits localize KARs specifically
to mossy fibers synapses, and the extracellular domain of
GluK4/5 is required for this synapse specificity through an inter-
action with a member of the C1qL/nCLP protein family. Further-
more, the GluK2 cytoplasmic domain and the GluK4/5 extracel-
lular domain synergistically control the synaptic abundance of
KARs. These results imply that synapse-specific localization of
KARs is mediated by two distinct mechanisms dependent on
the constituent subunits of the heteromeric receptor complex.
RESULTS
GluK2, but Not GluK5 or Neto2, Is Required for Synaptic
Localization of KARs in the Cerebellum
In cerebellar granule cells, the native KAR complex consists of
GluK2, GluK5, and Neto2 (Yan et al., 2013). GluK2 and Neto2
are detected in the PSD fraction of both wild-type and GluK5
KO mice at similar levels (Yan et al., 2013). To identify respon-
sible subunits for synaptic localization and protein expression
of KARs, we evaluated protein levels in the cerebellar PSD frac-
tion and total lysate from KOmice for each of the expressed sub-
units. We observed a substantial reduction in the amounts of
GluK5 and Neto2 in both the PSD fraction and total lysate of
GluK2 KOmice, but GluK5 expression was unaltered in prepara-
tions from Neto2 KO mice (Figures 1A, 1B, and S1). Levels of
other synaptic proteins, including GluA2/3, GluN1, PSD-95,
and actin, were also unchanged in these mice (Figures 1A, 1B,
and S1).
We next examined the distribution of GluK2 in the cerebellum
using immunostaining. As expected, GluK2/3 signal was lost in
the cerebellum of GluK2 KO mice (Figure 1C). In the cerebellar
granular layer, GluK2 was distributed in ring shapes around a
presynaptic marker protein, synaptophysin, presumably indi-
cating glomerular synapses between cerebellar mossy fibers
and granule cells (Figure 1D). Consistent with our biochemical
results (Figures 1A and 1B) and previous findings in GluK5 KO
mice (Yan et al., 2013), we did not observe any obvious changes
in GluK2 distribution in either Neto2 or GluK5 KO mice (Figures
1C and 1D). These data demonstrate that the signal for both syn-
aptic localization and protein abundance of the native KAR com-
plex in the cerebellum is not dependent on GluK5 or Neto2 but is
inherent to the GluK2 subunit.
The GluK2 Cytoplasmic Domain Is Indispensable for
Receptor Complex Formation in the Brain
We adopted a gene-targeting approach to determine GluK2 re-
ceptor subunit domain involvement in synaptic stabilization.
Initially, we sought to generate a GluK2 mutant in which the re-
ceptor lacked synaptic stabilization, without altered expression.
We focused on the cytoplasmic domain because altering the
amino terminus of the receptor would likely result in disruption
of heteromultimerization (Kumar et al., 2011; Meyerson et al.,
2014; Sobolevsky et al., 2009).532 Cell Reports 16, 531–544, July 12, 2016To evaluate the potential effects of GluK2 cytoplasmic muta-
tions on KAR function, we injected cRNAs of extracellularly
HA-epitope tagged GluK2 (HA-GluK2) and various mutants,
along with Neto2, into Xenopus laevis oocytes (Figure 2A). We
then measured glutamate-evoked currents by two-electrode
voltage-clamp recording, and surface expression of HA-GluK2
with a chemiluminescence assay as described previously (Zhang
et al., 2009). Neto2 co-expression significantly increased the
peak amplitudes of glutamate-evoked currents from oocytes ex-
pressing HA-GluK2 (Figures 2B and 2C). Furthermore, surface
expression of HA-GluK2 was significantly higher relative to the
background level detected in uninjected oocytes (Figure 2C,
green bar). On the other hand, deletion of the GluK2 cytoplasmic
domain abolished both glutamate-evoked currents and surface
expression (Figures 2A–2C) as has been described previously
(Yan et al., 2004). We then examined a chimera (GluK2.A1cyto)
in which the cytoplasmic domain of GluK2 was replaced with
that of the GluA1 AMPAR subunit, which shares only 9.9%
sequence identity. Glutamate-evoked currents and surface
expression of HA-GluK2.A1cyto were similar to those produced
upon expression of wild-type HA-GluK2 (Figures 2B and 2C). To
analyze receptor properties with a faster time resolution, we
measured deactivation and desensitization of GluK2 and
GluK2.A1cyto in outside-out patches from oocytes injected
with cRNAs of Neto2, GluK5, and either GluK2 or GluK2.A1cyto.
Outside-out membrane patches were exposed to brief (2 ms)
and sustained (300ms) rapid applications of 1 mMglutamate us-
ing a piezo-electric system. The deactivation and desensitization
kinetics were similar with GluK2 and GluK2.A1cyto, and the
weighted tau values obtained from bi-exponential fits to these
decays were virtually identical for wild-type and mutant recep-
tors (Figure 2D). Thus, GluK2.A1cyto can function as effectively
as GluK2 in terms of channel activity and surface expression,
at least in cRNA-injected oocytes.
Next, using gene-targeting techniques, we generated a GluK2
KI mouse in which the cytoplasmic domain of GluK2 was re-
placed with that of GluA1. The resultant KI mouse GluK2.A1c ex-
presses GluK2.A1cyto instead of wild-type GluK2 (Figure S2).
Grik2, the gene that encodes GluK2, encodes two alternative
isoforms of the cytoplasmic domain, encoded by exon 17a/b.
To ensure that all GluK2 proteins in the KI mice possessed a
GluA1 cytoplasmic domain with appropriate stop codons, we in-
serted a 249-bp cassette encoding the GluA1 cytoplasmic
domain with stop codons immediately after the GluK2 trans-
membrane domain in exon 16 of Grik2 (Figure S2A). Conse-
quently, GluK2 containing the GluA1 cytoplasmic domain
(GluK2.A1cyto) was expressed independently of GluK2 splicing.
Proper targeting was confirmed by Southern blot and genomic
PCR analysis (Figures S2B and S2C). GluK2.A1c KI mice were
viable and fertile similar to GluK2 KO mice (Mulle et al., 1998).
Because of the positions of their epitopes, the anti-GluK2/3
antibody recognizes onlyGluK2 (but not GluK2.A1cyto), whereas
the anti-GluA1 antibody recognizes GluK2.A1cyto and endoge-
nous GluA1, but not GluK2 (Figure 2A). Thus, relative expression
levels of GluK2.A1cyto to GluK2 in the brain cannot be directly
evaluated. Therefore, to determine whether KAR expression is
altered in GluK2.A1c mice, we first measured the GluK5 ex-
pression in GluK2.A1cyto and GluK2 KO mice. As previously
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Figure 1. Synaptic Localization of KARs Is Determined by GluK2, but Not GluK5 or Neto2, in Cerebellar Granule Cells
Distribution of components of KAR complex in the cerebellum of the indicated knockout (KO) mice.
(A and B) Protein levels of GluK5 and Neto2 were reduced in the cerebellar PSD-enriched fraction of GluK2 KO mice (A), but unaltered in Neto2 KO mice (B).
Protein levels of AMPAR (GluA2/3), NMDAR (GluN1), PSD-95, and actin were unaltered (n = 4 each).
(C) GluK2/3 signal was not detected in the granular layer of GluK2 KO mice but was detected in Neto2 and GluK5 KO mice.
(D) High-magnification images of cerebellar glomeruli. No obvious change in GluK2 distribution was observed in Neto2 and GluK5 KO mice. Synaptophysin is a
presynaptic marker.
Scale bars, 200 mm (C) and 5 mm (D). Data in (A) and (B) are given as mean ± SEM; ***p < 0.001 (Student’s t test).demonstrated, GluK5 was reduced in GluK2 KOmice (Figure 2E,
input) (Christensen et al., 2004; Nasu-Nishimura et al., 2006;
Ruiz et al., 2005). By contrast, GluK5 expression was unaltered
in GluK2.A1c KI brains (Figure 2E, Input). Furthermore, in
wild-type animals, anti-GluK2/3 antibody immunoprecipitatedGluK5 with GluK2/3 (Figure 2E) and Neto1 and Neto2 (Fig-
ure S2D). Given that this antibody recognizes both GluK2 and
GluK3, the weak GluK5 bands observed in GluK2 KO and
GluK2.A1c KI mice suggested that GluK3 was expressed at
low levels. The anti-GluA1 antibody immunoprecipitated aCell Reports 16, 531–544, July 12, 2016 533
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Figure 2. Roles of the GluK2 Cytoplasmic Domain in Formation of the KAR Complex
(A) Schematic diagramof eachGluK2mutant tested. GluK2DC indicates deletion of theC-terminal cytoplasmic domain, andGluK2.A1cyto indicates replacement
of the cytoplasmic domain of GluK2 with that of the GluA1 AMPAR subunit. Epitopes for anti-GluK2/3 or GluA1-antibodies (Ab) are indicated. NTD, N-terminal
domain; LBD, ligand-binding domain; TMD, transmembrane domain; cyto, cytoplasmic C terminus.
(B and C) Glutamate-evoked currents and surface expression were measured by two-electrode voltage-clamp recording and chemiluminescence assay in
oocytes injected with various cRNAs, as indicated. (B) Representative traces are shown; gray bar indicates bath application of glutamate (1 mM). (C) Quantitation
of peak amplitudes of glutamate-evoked currents (black) and surface expression of HA-tagged GluK2 (green) (n = 10 each). Deletion of the GluK2 cytoplasmic
domain abolished surface expression, and replacing the cytoplasmic domain of GluK2 with that of GluA1 restored both surface expression and activity. Green
dashed line indicates the background level, defined as the signal from un-injected oocytes. N.D., not detectable.
(D) Responses to 2- or 300-ms applications (bars) of 1 mM glutamate in outside-out oocyte membrane patches expressing GluK2 (black) or GluK2.A1cyto (red).
Bar graph showing the mean weighted time constants of deactivation and desensitization from bi-exponential fits to the decay of currents.
(E) GluK5 interaction with GluK2 or GluK2.A1cyto was analyzed by co-immunoprecipitation using cerebral cortical lysate from wild-type (WT), GluK2 knockout
(KO), and GluK2.A1c KI mice (A1c), using antibodies shown in (A). GluK2.A1cyto was detected weakly at a slightly higher molecular weight than that of
endogenous GluA1 (arrow). Total GluK5 expression was reduced in GluK2 KO, but not in GluK2A1c KI mice (input). Data are shown as mean ± SEM.specific band slightly higher than endogenous GluA1 (Figures 2E
and S2D, arrow) whose molecular weight corresponded to the
predicted molecular weight of GluK2.A1cyto; the low intensity
of this band reflects the relative expression levels of GluA1 and
GluK2.A1cyto in the brain. Importantly, GluK5, Neto1, and
Neto2 were co-immunoprecipitated with comparable efficiency
by anti-GluA1 antibody from GluK2.A1c KI brains and by anti-
GluK2/3 antibody from wild-type brains (Figures 2E and S2D).
These results suggest that the GluK2.A1cyto is expressed and
forms a complex with GluK5 and Neto1/2 in brain as effectively
as wild-type GluK2.
The GluK2 Cytoplasmic Domain Mediates Synaptic
Stabilization, but Not Surface Expression, of KARs in the
Cerebellum
We next examined protein localization in the cerebellum of
GluK2.A1c KI mice. Immunostaining with the anti-GluK2/3 anti-
body demonstrated staining in the cerebellar granular layer in
wild-type mice, but not in GluK2.A1c KI mice (Figure S3A), as
predicted from the location of the epitope region (Figure 2A).
On the other hand, due to expression of endogenous GluA1 in534 Cell Reports 16, 531–544, July 12, 2016Bergmann glia and Purkinje cells, strong signal from anti-
GluA1 antibody was evident in the cerebellar molecular layer of
both wild-type and GluK2.A1c KI mice (Figure S3B). By
increasing the laser power used for confocal microscopy, we
were able to detect a specific anti-GluA1 antibody signal in the
cerebellar granular layer of GluK2.A1c KI mice, but not in wild-
type mice (Figure S3C). To eliminate endogenous GluA1 signal
in the cerebellar molecular layer, we used GluK2.A1c KI; GluA1
KO double-mutant mice. The GluA1 signal in the molecular layer
was abolished in GluA1 KO; GluK2.A1c KI double-mutant mice,
whereas the signal in the granular layer was retained, indicating
that the granular layer signal detected by anti-GluA1 antibody
corresponds to GluK2.A1cyto protein (Figure S3C).
High-magnification images of the cerebellar granular layer re-
vealed specific signals from the anti-GluK2/3 and GluA1 anti-
bodies in wild-type and GluK2.A1cyto KI mice, respectively
(Figure 3A). In wild-type mice, GluK2 was localized to cere-
bellar glomeruli as revealed by the GluK2 signal near the cere-
bellar mossy fiber presynaptic protein VGLUT1. In contrast,
GluK2.A1cyto localized diffusely in the granular cell layer (Fig-
ures 3A and 3B). Using post-embedding immuno-electron
microscopy, GluK2 signal was observed at the cerebellar mossy
fiber-granule cell synapses in wild-type mice, but not in
GluK2.A1c KI mice (Figures 3C–3E). GluA1 signal was detected
at parallel fiber-Purkinje cell synapses, but wild-type and
GluK2.A1c KI mice had comparably low numbers of GluA1 par-
ticles at cerebellar mossy fiber-granule cell synapses (Figures
3F–3H) consistent with a loss of synaptic GluK2.A1cyto.
Next, using whole-cell patch-clamp recordings, we measured
KAR activity in cerebellar granule cells in acute cerebellar slices.
Because KAR-mediated excitatory postsynaptic currents
(EPSCs) are of small amplitude but have a large effect on mem-
brane depolarization during a train of stimulation, we evaluated
the KAR contribution to excitatory postsynaptic potential
(EPSP)-spike coupling using the AMPAR-deficient stargazer ge-
netic background to clearly differentiate KAR activity from
AMPAR activity (Yan et al., 2013). With NMDA activity blocked
(100 mM APV [2-amino-5-phosphonopentanoic acid]), repetitive
minimal stimulation of the cerebellar mossy fibers generated
spikes in wild-type mice on the stargazer genetic background
(Figures 3I and 3J). In contrast, no spikes were observed in
GluK2 KO or GluK2.A1c KI mice (on the stargazer genetic
background) (Figures 3I and 3J). These results suggest that syn-
aptic KAR-dependent spike generation was abolished in the
GluK2.A1c KI mice, as it is in GluK2 KOmice. Further supporting
the critical role of the GluK2 cytoplasmic domain in synaptic
transmission, GluK2.A1c KI; stargazer double-mutant mice ex-
hibited severe locomotion deficits and died by postnatal day
30 similar to GluK2 KO; stargazer double mutants reported pre-
viously (Yan et al., 2013).
We next investigated whether the total KAR current density
was altered in granule cells in GluK2.A1cyto mice. To this end,
we measured glutamate-evoked KAR-mediated currents in
cerebellar granule cells from acute cerebellar slices under
voltage-clamp configuration (Vh = 70 mV) with NMDA activity
blocked (Yan et al., 2013). Saturating glutamate elicited KAR-
mediated currents of similar amplitudes in both stargazer mice
and GluK2.A1c; stargazer double-mutant mice, but not in
GluK2 KO; stargazer double-mutant mice (Figures 3K and 3L),
indicating that total surface KAR density remains the same in
GluK2.A1c mice. These results suggest that the GluK2 cyto-
plasmic domain plays specific roles in synaptic stabilization
without changes in surface activity in cerebellar granule cells.
The GluK2 Cytoplasmic Domain Stabilizes Receptors at
Synapses in Hippocampus
We next investigated whether the GluK2 cytoplasmic domain
also affects synaptic stabilization at hippocampal synapses.
We measured protein levels in the PSD-enriched fractions from
cerebellum and hippocampus. GluK5 protein levels in the cere-
bellar PSD fractions were reduced in GluK2.A1c KI mice with
no changes in the levels of other synaptic proteins (Figure 4A).
Similarly, in hippocampus, the protein levels of both GluK5 and
Neto2 were specifically reduced in hippocampal PSD fractions
(Figure 4B), without changes in total protein levels (Figure 4C),
suggesting specific deficits in synaptic localization of KARs in
hippocampus of GluK2.A1c KI mice.
We then examined KAR-mediated synaptic currents at hippo-
campal mossy fiber-CA3 pyramidal cell synapses in acute hip-pocampal slices. Mossy fiber EPSCs were evoked using a train
(20 Hz) of four stimuli in the presence of GABAA (picrotoxin,
50 mM, and bicuculline, 10 mM) and NMDA antagonists (D-APV,
50 mM) (Figure 4D). The AMPAR-mediated component of the
mossy fiber EPSC was measured as the difference in synaptic
response in the presence or absence of 50 mM GYKI53655,
whereas the KAR-mediated component of the EPSC was
measured as the residual synaptic response in the presence of
50 mM GYKI53655, which could be subsequently blocked by
10 mM CNQX (Figure 4D). The relative amplitude of the KAR-
mediated component of the EPSC was 7.0% ± 0.6% of the total
EPSC in wild-type mice, similar to that reported previously
(Contractor et al., 2003). The relative contribution of the KAR to
the amplitude of the EPSC was significantly reduced to 4.7% ±
0.4% in GluK2.A1c KI mice (Figure 4D). The decay kinetics of
the KAR-mediated EPSCs were unchanged, suggesting that
the subunit composition of synaptic KARs was preserved in
GluK2.A1c KI neurons (Figure 4E). The absence of changes in
the paired-pulse ratio (40-ms interval), and frequency facilitation
of EPSCs suggested that mossy fiber synapses in GluK2.A1c
mice did not have altered release probability and short-term
plasticity (Figures 4F and 4G).
A reduction in synaptic KAR activity could be due to an overall
reduction in KAR function at the cell surface. To examine this, we
measured the total kainate current density. Application of the
KAR agonist, kainic acid (10 mM; in the presence of AMPA,
NMDA, and GABAA antagonists), to CA3 pyramidal cells demon-
strated no difference in the total agonist-evoked KAR current
density between recordings from wild-type and GluK2.A1c KI
mice (Figure 4H). Furthermore, surface expression of KARs in
acute hippocampal slices were examined using a cell-imperme-
able biotinylated reagent in acute hippocampal slices (Tomita
et al., 2004), and no changes were observed in the surface
expression of KAR components (GluK5, Neto1, and Neto2) or
GluN1 in GluK2.A1cmice (Figure 4I). Under the same conditions,
the intracellular protein tubulin was not detected at the surface
(Figure S4). These results suggest that the GluK2 cytoplasmic
domain is required for synaptic stabilization of the KAR complex
at mossy fiber synapses.
Distinct Mechanisms for Synapse Specificity and
Synaptic Stabilization
In hippocampal CA3 pyramidal cells, KARs are distributed with a
restricted synapse-specific localization at the mossy fiber syn-
apses in the stratum lucidum. Compared to the complete loss
of the functional effects of synaptic KARs in cerebellar granule
cells (Figure 3), the partial loss of KAR-mediated currents in the
hippocampal CA3 pyramidal cells (Figure 4) (without a reduction
in total and surface protein expression) prompted us to ask
whether KARs redistributed to different synapses in the hippo-
campus of GluK2.A1c KI mice, thus losing synapse specificity
to the mossy fiber-CA3 synapses. To examine this, we
compared the distribution of endogenousGluK2 in wild-type hip-
pocampus and GluK2.A1cyto in GluK2.A1c KI hippocampus. To
avoid strong signals from endogenous GluA1 (Keina¨nen et al.,
1990), we used GluK2.A1c KI; GluA1 KO double-mutant mice
as in the cerebellum (Figure S3C). Both GluK2 and GluK2.A1cyto
signals were observed at the stratum lucidum in both wild-typeCell Reports 16, 531–544, July 12, 2016 535
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and GluK2.A1c; GluA1 double-mutant mice, respectively (Fig-
ure 5A). Similarly, endogenousGluK5 stainingwas also observed
at the stratum lucidum of both mice (Figure 5B). Because KAR-
mediated synaptic currents were reduced in GluK2.A1cyto KI
hippocampus (Figure 4) but the localization of the KARs in the
stratum lucidum is normal (Figure 5), these data suggest that
the GluK2 cytoplasmic domain is critical for synaptic stabiliza-
tion, but not for synapse specificity.
SynapseSpecificity IsMediated by theHigh-Affinity KAR
Subunits
Amajor outstanding question is what determines synapse spec-
ificity of KARs. We examined this question in mice in which
the components of the native KAR complex are disrupted. In
hippocampal CA3 pyramidal cells the native KAR complex con-
sists of at least five distinct subunits: one low-affinity subunit
(GluK2), two high-affinity subunits (GluK4 and 5), and two
auxiliary subunits (Neto1 and 2) (Fernandes et al., 2009; Mulle
et al., 1998; Straub et al., 2011; Tang et al., 2011). Therefore,
we systematically evaluated KAR localization in GluK4/5 DKO
and Neto1/2 DKO mice. Staining for GluK2 in stratum lucidum
was observed in wild-type and Neto1/2 DKO mice (Figure 6A).
In contrast, GluK2 staining in the stratum lucidum was almost
completely abolished in GluK4/5 DKO mice (Figure 6A). Surpris-
ingly, the GluK2 signal in the stratum radiatum was increased in
GluK4/5 DKO mice (Figure 6B) suggesting that GluK2 redistrib-
uted to the more distal dendrites of CA3. Analysis of a different
hippocampal region, the dentate gyrus, found no similar redistri-
bution of GluK2 staining in the GluK4/5 DKO mice (Figure 6C).
Epitopes of postsynaptic proteins such as PSD-95 are some-
times masked by high-density protein networks at the PSD;
consequently, pepsin treatment can often enhance the signal
from synaptic proteins, presumably by exposing buried epitopes
(Fukaya and Watanabe, 2000). We therefore further examined
protein distribution in hippocampal sections treated with pepsin.
In pepsin-treated sections, strong GluK2 and GluK5 signal at the
stratum lucidum were detected in wild-type and Neto1/2 DKO
mice, with a slight increase in theGluK2 signal at the stratumpyr-
amidale in Neto1/2 DKOs (Figures 6D, 6E, S5A, and S5B).
Consistent with our initial observations (Figures 6A and 6B),Figure 3. The GluK2 Cytoplasmic Domain Is Required for Synaptic KA
(A–H) Distribution of KARs in cerebellum of GluK2.A1c KI mice.
(A) Immunohistochemical staining of the granular cell layer of mouse cerebellum. G
was observed only in GluK2.A1cyto KI mice. Because of no endogenous Gl
GluK2.A1cyto protein.
(B) GluK2 was enriched at cerebellar glomeruli around the mossy fiber presyna
bars, 10 mm.
(C–H) Immuno-electron microscopic images of GluK2 and GluK2.A1cyto proteins
GluK2 was detected at MF-GC synapses in WT mice, but not in GluK2.A1c KI mi
WT and GluK2.A1c KI mice with anti-GluA1 C-terminal antibody. By contrast, en
Purkinje cell (PC) synapses in both WT and GluK2.A1c KI mice. Numbers of i
parentheses.
(I–L) KAR activity was measured in cerebellar granule cells. To isolate KAR activit
genetic background.
(I and J) Mossy-fiber-evoked responses were recorded under the whole-cell cur
mossy fiber-granule cell synapses was abolished in both GluK2 KO and GluK2A
(K and L) KAR activity at the cell surface was measured using 300 mMglutamate (g
activity was detected at similar levels in WT and GluK2.A1cyto KI mice, but not i
Data are given as mean ± SEM. ***p < 0.001 (Student’s t test).GluK2 andGluK5 signal was substantially reduced at the stratum
lucidum of GluK4/5 DKO mice (Figures 6D, 6E, S5A, and S5B),
whereas no alterations in GluK2were observed in the cerebellum
of GluK4/5 DKO (Figures S5C and S5D). These results indicate
that synapse specificity of KARs in hippocampal CA3 pyramidal
cells is mediated by the GluK4/5 high-affinity subunits.
Previous work in GluK4/5 DKOmice revealed the abolishment
of KAR-mediated EPSCs, and a reduced number of GluK2 im-
muno-electron gold particles at the hippocampal mossy fiber-
CA3 pyramidal cell synapses (Fernandes et al., 2009). Our
complementary biochemical assay revealed that protein levels
of the KAR components GluK2/3 and Neto1 were reduced in
the hippocampal PSD fraction of GluK4/5 DKO mice (Figure 6F),
with no changes in total protein levels (Figure 6G). However,
approximately 30% of the KARs were still detected in the PSD
fraction of GluK4/5 DKO mice (Figure 6F). In GluK2A1c: GluK4:
GluK5 triple-mutant mice we saw a further reduction of Neto1
in the PSD fraction (Figure 6H) without changes in total protein
levels (Figure 6I), suggesting that the GluK2 cytoplasmic domain
and GluK4/5 have mutually exclusive roles in localizing KARs to
mossy fiber synapses and stabilizing the receptors in the PSD.
Given that the biochemical fraction does not provide spatial
information, we further analyzed the localization of Neto1 in
GluK2.A1c; GluK4; GluK5 triple-mutant mice by post-embed-
ding immuno-electron microscopy. Consistent with reduced
synaptic activity and expression of KARs (Figures 4B and 4D),
Neto1 expression in hippocampal mossy fiber-CA3 cell synap-
seswas decreased in GluK2.A1c KImice, and almost completely
disappeared in Neto1 KO mice (Figure 6J). Under the same
conditions, Neto1 signal was not detected in either GluK4/5
DKO or GluK4/5:GluK2.A1c triple-mutant mice (Figure 6J).
Specific reduction of GluK2.A1cyto was also confirmed by
comparing GluK2.A1 signal in GluK2.A1c; GluA1 KO double-
mutant mice and GluK2.A1c; GluA1; GluK4/5 quadruple-mutant
mice (Figure 6K). Together with the observed changes in
GluK2 distribution (Figures 6A and 6B), these data indicate that
GluK4/5 primarily determines synapse specificity while there is
an independent role in stabilization of KARs at synapses by the
GluK2 cytoplasmic domain in CA3 pyramidal cells in the
hippocampus.R Localization in Cerebellar Granule Cells
luK2/3 signal was observed only in wild-type (WT) mice, whereas GluA1 signal
uA1 in the granule cells, the GluA1 signal indicates specific expression of
ptic marker VGLUT1, whereas GluK2.A1cyto was distributed diffusely. Scale
. Insets show highmagnification of labeled synapses. Scale bars, 200 nm. (C–E)
ce. (F–H) No GluK2.A1cyto signal was detected at MF-GC synapses from both
dogenous GluA1 was detected at similar levels in cerebellar parallel fiber (PF)-
mmunogold-labeled synapses and total analyzed synapses are indicated in
y from other glutamate receptors, recordings were performed on the stargazer
rent-clamp configuration. KAR-dependent synaptic transmission at cerebellar
1c KI mice (WT n = 5, KO and K2.A1c n = 4 each).
ray bar) in the presence of 100 mM picrotoxin and 100 mMD-AP5. Surface KAR
n GluK2 KO (GluK2/) mice (WT n = 5, KO and A1c n = 4 each).
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Figure 4. Selective Reduction in Synaptic KARs in GluK2.A1c KI Mice
(A) PSD-enriched fractions were purified from cerebella of wild-type (WT) and GluK2.A1c KI mice. GluK5 levels in the cerebellar PSD-enriched fraction was
reduced in GluK2.A1c KI mice.
(legend continued on next page)
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Figure 5. Distinct Mechanisms for Synaptic Stabilization and Synapse Specificity of KARs in Hippocampus
KAR distribution was examined in hippocampus fromwild-type (WT) and GluK2.A1c KI; GluA1 KO double-mutant mice. (A and B) GluK2 and GluK2.A1cyto (A) as
well as GluK5 (B) were observed at the stratum lucidum in WT and GluK2.A1c KI; GluA1 KO double-mutant mice, respectively. Scale bar, 100 mm.The Extracellular Domain of GluK5 Determines Synapse
Specificity
We next examined which domain of GluK4/5 is required for syn-
apse specificity. To this end, we took an approach of rescuing
synapse specificity in GluK4/5 DKO by re-introducing GluK4/5
mutants. We confirmed that loss of GluK5 expression in GluK4
KO mice further reduced GluK2 signal in the stratum lucidum
(Figure 7A). Thus, we generated GFP-tagged chimeric con-
structs by swapping domains between GluK5 and GluK2 (Fig-
ure 7B). We specifically sought to identify a domain substitution
that results in loss of synaptic specificity without deficits in sur-
face expression. Thus, we first examined surface expression of
the chimeric receptor in cRNA-injected oocytes. Extracellularly
HA-tagged GluK5-GFP was expressed at the cell surface when
co-expressed with GluK2 (Figure 7C). Similarly, chimeric HA-
GluK5 with the extracellular domain of GluK2 (HA-K5.K2extra)
or with the cytoplasmic domain of GluK2 without the epitope of
anti-GluK2/3 antibody (HA-K5.K2cyto) showed normal surface
expression when co-expressed with GluK2. In contrast, the
HA-GluK5 chimera with the transmembrane domains of GluK2(B and C) Protein levels in the PSD-enriched fraction (B) and total (C) were meas
GluK5 and Neto2 were specifically reduced in the hippocampal PSD fraction, w
proteins (GluA1, GluN1, and PSD-95) were unaltered.
(D–G) Synaptic activity at hippocampal mossy fiber-CA3 pyramidal cell synapses w
in acute slices.
(D) EPSCs were measured with combinations of various blockers following four
picrotoxin and bicuculline. KAR-mediated EPSCs were isolated as currents inse
quinoxaline-2,3-dione). The ratio of KAR-mediated to AMPAR-mediated EPSCs
cantly reduced in GluK2.A1c KI mice (n = 13) relative to that in WT mice (n = 14)
(E) No significant changes in the decay kinetics of KAR-mediated EPSCs were o
(F) Paired-pulse ratio of AMPAR-mediated EPSCs with a 40-ms interval did not d
(G) Frequency facilitation was unchanged (WT n = 13; K2.A1c n = 11).
(H) Kainate-evoked current density measured in CA3 pyramidal cells and two re
(I) Surface expression of proteins in acute hippocampal slices was measured us
Neto2 as well as GluN1 were observed in the ‘‘Surface’’ and ‘‘Total’’ fractions be
Data are given as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005 (Student’s t te(HA-K5.K2TM) failed to express at the surface despite significant
protein expression (Figure 7C). We concluded from this that HA-
K5.K2TM has deficits in complex assembly and/or forward traf-
ficking and concentrated on examining the roles of the other two
chimeras HA-K5.K2extra and HA-K5.K2cyto in vivo.
We generated adeno-associated virus (AAV) carrying each
GluK5 chimera tagged with GFP under the synapsin promoter
and injected the viral particles stereotaxically into the hippocam-
pus of GluK4/5 DKO mice (Figure 7D). 1–2 weeks following
AAV delivery, clear GFP signal was observed at the CA3 region
of the injected hemisphere (Figure 7D, top). Loss of GluK2/3
signal at the stratum lucidum in GluK4/5 DKOmice was rescued
by re-introducing wild-type GluK5-GFP and the GluK5.K2cyto-
GFP (Figure 7D). On the other hand, expression of the
GluK5.K2extra-GFP failed to enrich endogenous GluK2 to the
stratum lucidum, despite diffuseGFP signal through all the layers
(Figure 7D). These results strongly suggest that the extracellular
domain of GluK5 is required for synapse specificity, and the dif-
ferential KAR localization at mossy fiber-CA3 synapses in the
stratum lucidum.ured in hippocampi from WT and GluK2.A1c KI mice (n = 6). KAR components
ithout changes in the total protein levels. Levels of other excitatory synaptic
eremeasured under thewhole-cell voltage-clamp configuration (Vh =70mV)
consecutive stimulations of mossy fibers. EPSCs were isolated by addition of
nsitive to 50 mM GYKI53655 and sensitive to 10 mM CNQX (6-cyano-7-nitro-
(the difference between total EPSCs and KAR-mediated EPSCs) was signifi-
.
bserved (WT n = 13; K2.A1c n = 11).
iffer (WT n = 12; K2.A1c n = 11).
presentative traces from mutant and wild-type mice.
ing cell-impermeable Sulfo-NHS-SS-biotin. No changes in GluK5, Neto1, and
tween WT and GluK2.A1c KI mice (n = 4).
st).
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Figure 6. High-Affinity GluK4/5 Subunits Mediate Synapse Specificity of KARs in the Hippocampus
The distribution of KAR components in the hippocampus was examined by immunohistochemistry and biochemical fractionation.
(A and B) Immunostaining of hippocampal sections without pepsin treatment (see Experimental Procedures) revealed reduction in the GluK2/3 signal at the
stratum lucidum (SL) in GluK4/5 double-knockout (DKO)mice. On the other hand, GluK2/3 signal at the stratum radiatum (SM) was elevated in GluK4/5 DKOmice.
(C) GluK2/3 distribution in the dentate gyrus was unaltered (G; ML, molecular layer, GCL, granular layer).
(D and E) Immunostaining of hippocampal sections after pepsin treatment. In wild-type mice (WT), a strong GluK2/3 signal was detected at the stratum lucidum,
but not at the stratum radiatum (SR) or stratum pyramidale (SP). This highly compartmentalized pattern was abolished in GluK4/5 DKOmice but was preserved in
Neto1/2 DKO with a slight increase in the GluK2/3 signal at the SP. Images represent GluK2/3 localization at lower (D) and higher (E) magnifications.
(F and G) Protein levels in the PSD fraction (F) and total (G) were measured in hippocampus (n = 5). Protein levels of KAR components (GluK2/3 and Neto1) were
significantly reduced in the PSD fraction of GluK4/5 DKO, but total expression was unaltered.
(H and I) Protein levels in the PSD fraction (H) and total (I) weremeasured in hippocampus (n = 3–4). Protein levels of KAR component (Neto1) were further reduced
in the PSD fraction of GluK2.A1c KI; GluK4/5 DKO triple-mutant mice, but total expression was unaltered.
(J and K) Immuno-electron microscopic images of Neto1 protein. PSDs are indicated by arrowheads. Insets show high magnification of labeled synapses. Scale
bars, 200 nm.
(J) Neto1was detected at hippocampalMF-CA3 synapses inWTmice, but not in Neto1 KOmice. On the other hand, Neto1was reduced inGluK2.A1c KImice. No
Neto1 signal was detected in GluK4/5 DKO and GluK2.A1c KI; GluK4/5 DKO triple-mutant mice.
(K) GluK2.A1cyto signal detected by anti-GluA1 antibody was detected in GluK2.A1c KI; GluA1 KO double-mutant mice, but not in GluK2.A1c KI; GluK4/5 DKO,
GluA1 KO quadruple-mutant mice. Numbers of immunogold-labeled synapses and total analyzed synapses are indicated in parentheses.
Scale bars, 100 mm (A and D), 50 mm (E), 25 mm (B and C). Data are given as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t test).This finding lead us to speculate that a molecule that interacts
with the extracellular domain of GluK5, which is localized to
mossy fiber terminals, acts to recruit KARs to this synapse. Pre-
vious reports have demonstrated that another member of the
glutamate receptor family, the delta2 receptor, is clustered by
binding to the secreted protein Cbln1 through its extracellular540 Cell Reports 16, 531–544, July 12, 2016domain localizing these receptors to cerebellar PF-PC synapses
(Matsuda et al., 2010; Uemura et al., 2010). Similar members of
the C1QL family protein, C1QL2/nCLP2 and C1QL3/nCLP3,
are expressed in hippocampal dentate granule cells and
specifically localized to the stratum lucidum (Iijima et al.,
2010; Shimono et al., 2010). We therefore asked whether this
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Figure 7. The GluK5 Extracellular Domain Mediates Synapse Specificity
(A) Immunostaining of hippocampal sections revealed substantial reduction of GluK2/3 signal in the stratum lucidum layer in GluK4/5 DKO compared to GluK4
KO mice.
(B) Schematic diagram of chimeras of GluK5 and GluK2 with GFP at their C terminus.
(C) Surface expression of the extracellularly HA-tagged GluK5-GFP chimeras in cRNA-injected oocytes was measured using chemiluminescence assay. HA-K5-
GFP alone did not express at the cell surface. On the other hand, GluK2 co-expression enhanced surface expression of HA-GluK5-GFP, HA-GluK5.K2extra-GFP,
and HA-GluK5.K2cyto-GFP, but not HA-GluK5.K2TM-GFP (n = 6–8). Expression of chimeric proteins was confirmed by western blotting.
(D) Upon stereotaxic injection of AAV carrying GluK5-GFP, GluK5-GFP signal was observed in AAV-injected hemispheres in GluK4/5 DKO hippocampus (top).
Re-introducing GluK5-GFP and GluK5.K2cyto-GFP into GluK4/5 DKO restored the stratum lucidum localization of endogenous GluK2 (Magenta), whereas
GluK5.K2extra-GFP failed. Composite images are shown.
(E) HA-tagged C1QL3/nCLP3 bound to the GluK5 extracellular domain tagged with human Fc domain (GluK5extra-Fc). Two proteins expressed independently
were mixed and pulled down with protein A-Sepharose. HA-C1QL3 was pulled down with GluK5extra-Fc strongly, but not with bovine serum albumin (control).
Addition of calcium (Ca2+) was required for their interaction.
(F) Immunostaining of C1QL2/nCLP2 in the hippocampus resulted in a selective distribution at the stratum lucidum, mimicking the distribution pattern of KARs.
(G) The stratum lucidum distribution of C1QL2 was markedly reduced in GluK4/5 DKO mice.
Data in (C) are given as mean ± SEM. **p < 0.01; ***p < 0.001. Scale bars, 100 mm (A, left panels; F and G), 20 mm (A, right panel; D, bottom).
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mossy-fiber-enriched protein might play a role in localizing KARs
to mossy fiber synapses.
We first examined an interaction between C1QL3/nCLP3 and
the extracellular domain of GluK5. We individually expressed
either HA-tagged C1QL3/nCLP3 or the GluK5 extracellular
domain tagged with human Fc in FreeStyle HEK cells. The media
containing the secreted proteins were mixed, followed by pull-
down with protein A-beads. We found that the GluK5extra-Fc
pulled down HA-C1QL3/nCLP3 compared to control protein
(BSA) in a calcium-dependent manner (Figure 7E). Similar cal-
cium-dependent oligomerization and interaction of C1QL family
proteins with other potential receptors has previously been re-
ported (Bolliger et al., 2011; Kakegawa et al., 2015; Ressl
et al., 2015). We next confirmed that C1QL2/nCLP2 signal is en-
riched in the stratum lucidumof wild-typemice using anti-C1QL2
antibody (Figure 7F). Interestingly, we found that enrichment of
the C1QL2/nCLP2 at the stratum lucidum was significantly
reduced in GluK4/5 DKO compared to GluK4 KO mice (Fig-
ure 7G) suggesting that the loss of the high-affinity subunits dis-
rupts the localization of C1QL2/nCLP2. Together, our results
support the model that the extracellular domain of GluK5 binds
to C1QLs secreted from mossy fiber terminals, and this interac-
tion acts to promote synapse-specific localization of KARs at
mossy fiber synapses in the stratum lucidum (Figure S6).
DISCUSSION
We found that mechanisms of synaptic stabilization and synapse
specificity in the cerebellum and hippocampus are controlled by
distinct complex components and receptor subunit domains
(Figure S6). The intracellular domain of the low-affinity GluK2
subunit stabilizes receptors at synapses without changing total
and surface expression levels. On the other hand, synapse-spe-
cific distribution of KARs in the hippocampal stratum lucidum
was disrupted in the GluK4/5 DKO and is dependent upon the
extracellular domain of GluK5 that binds to the mossy-fiber-en-
riched, secreted C1QL family of proteins.
Mechanisms of Stabilization of KARs at Synapses
Our systematic analysis of the roles of KAR components in the
brain revealed that the cytoplasmic domain of the GluK2 low-
affinity subunit is the domain responsible for stabilizing KARs
at synapses. Several of the KAR subunits and auxiliary subunits
have been implicated in the synaptic localization of KARs (Co-
pits et al., 2011; Hirbec et al., 2003; Palacios-Filardo et al.,
2016; Tang et al., 2012; Yan et al., 2004), but defining a
specific domain involved in synaptic stabilization especially at
anatomically defined synapses has not been possible. Genera-
tion of mice expressing a modified GluK2 subunit demon-
strated that the carboxyl terminal cytoplasmic domain of
GluK2 does not affect the surface (or total) expression of
KARs and has no effect on the total current density of neuronal
KARs. These results suggest that the loss or reduction of syn-
aptic localization and activity of KARs in the cerebellum and
hippocampus of GluK2.A1c KI mice is due to loss of synaptic
stabilization.
A general concern with the approach of germline manipulation
is that there may be unknown or uncontrolled developmental542 Cell Reports 16, 531–544, July 12, 2016compensation in these mice. Although this is still a possibility,
it is important to take this approach to validate pioneering
studies in expression systems, and our results highlight some
differenceswith what has been observed in culture. For instance,
it has been demonstrated in heterologous cells and primary
cultured neurons that phosphorylation sites on the C-terminal
cytoplasmic domain regulate surface expression of GluK2
(Nasu-Nishimura et al., 2010). However, we found no changes
in surface expression and current density of KARs in neurons
in GluK2.A1c KI mice (Figures 4H and 4I). The cytoplasmic
domain of GluA1 that was selected for the chimeric construct
may itself have a trafficking signal for surface expression. Gener-
ation of chimeric constructs with other cytoplasmic domains
may provide further insight.
Mechanisms for Synapse Specificity of KAR in the
Hippocampus
KARs in hippocampal CA3 pyramidal neurons localize to the
stratum lucidum, where mossy fiber axons form glutamatergic
synapses. However, themechanisms that underlie this restricted
synapse-specific localization have remained unknown. Here, we
demonstrate that the extracellular domain of the high-affinity
GluK5 subunit contributes to the synapse specific localization
of KARs through an interaction with a secreted, mossy-fiber-
enriched protein, C1QL. Indeed, GluK4/5 DKO mice exhibit
no kainate-mediated synaptic currents at MF-CA3 synapses
(Fernandes et al., 2009). The absence of kainate-mediated
transmission in GluK4/5 DKO mice could be due to loss of syn-
aptic KARs or a change in the functional properties of the KAR
complex. At cerebellar mossy-fiber-granule cell synapses in
GluK5 KO mice, there is a loss of KAR-mediated transmission,
although the synaptic localization of GluK2 is unaltered (Yan
et al., 2013). At these synapses, GluK5 forms a complex with
GluK2 and Neto2, yielding a KAR complex that is functional
(Yan et al., 2013). Combined with these observations, loss of
KAR-mediated signaling in GluK4/5 DKO mice may be due to
altered function as well as reduction in the localization of syn-
aptic receptors.
It has long been established that lesioning granule cells with
colchinine and subsequent loss of the mossy fiber axons results
in the loss of high-affinity [3H] kainate labeling, presumably re-
flecting loss of KARs in the stratum lucidum (Represa et al.,
1987). Though it was not clear whether this reflected redistribu-
tion of postsynaptic KARs, our data would suggest that the pre-
synaptic axons and possibly associated factors are required for
the localization of KARs to the stratum lucidum. Here, we
demonstrate that one potential factor associated with mossy
fiber axons, the secreted C1QL/nCLP protein family interacts
with GluK4/5-containing receptors at the stratum lucidum in
CA3 pyramidal cells.
Input-Specific Synaptic Stabilization of KARs
In this work, we show that input-specific synaptic localization of
KARs observed in the hippocampus, but not in cerebellum, is
mediated by two distinct mechanisms: synaptic stabilization
through the GluK2 cytoplasmic domain and targeting to mossy
fiber through the GluK5 extracellular domain. It is possible that
the GluK2 cytoplasmic domain is required for stable synaptic
localization, analogous to the roles of the TARP PDZ-binding
domain of synaptic AMPAR (Bats et al., 2007; Chen et al.,
2000; Schnell et al., 2002; Sumioka et al., 2011), whereas
GluK4/5 accumulates at high levels around synapses at the stra-
tum lucidum and is inserted into synapses by diffusion, rather
than being captured at the synapse. In support of this idea,
CaMKII phosphorylation of GluK5 modulates lateral diffusion of
KARs during plasticity (Carta et al., 2013). In GluK2.A1c KI
mice, there are no changes in both the surface expression of
the other KAR subunits and total current density, but the synap-
tic KAR currents are reduced, supporting the idea that extrasy-
naptic KARs at the neuron surface are normal but may not be
captured efficiently at the PSD.
In order to sustain proper neuronal function, synaptic proteins
must localize to the appropriate types of synapses. Our dissec-
tion of the KAR complex uncovered processes involved in syn-
apse-specific localization of KARs and revealed mechanisms
underlying synaptic stabilization. Further investigations, and in
particular further delineation of the interacting proteins that
mediate each mechanism, and whether there exists a general
model for KAR synapse localization, will reveal fundamental fea-
tures of synaptic receptor proteins and their regulation within
multiple types of synaptic connections.
EXPERIMENTAL PROCEDURES
Animals
All animal experiments were carried out in accordance with protocols
approved by the Institutional Animal Care and Use Committees of both Yale
University and Northwestern University, following guidelines described, in
accordance with NIH guidelines. GluK2.A1cyto knockin mice was generated
with standard procedures using homologous recombinations of embryonic
stem cells, and details are described in the Supplemental Experimental
Procedures.
Biochemical Analysis
PSD fraction and co-immunoprecipitation were performed as described
(Zhang et al., 2009; Straub et al., 2011). Fractions were analyzed by
SDS-PAGE and western blotting, and samples were adjusted by protein
amount. Antibodies used are listed in the Supplemental Experimental
Procedures.
Immunostaining
Immunostaining and immunoelectron microscopy were done as described
previously (Straub et al., 2011). Step-by-step procedures are detailed in the
Supplemental Experimental Procedures.
Electrophysiology
Whole-cell recording of acute cerebellar slices was performed as described
(Yan et al., 2013). Horizontal slices from the ventral hippocampus (350 mm)
were prepared from mice aged P19–P27 as previously described (Fernandes
et al., 2009). Patch-clamp recordings of glutamate-evoked currents in outside-
out patches were done at room temperature with an EPC-9 amplifier (HEKA)
and Patch Master acquisition software, essentially as described (Robert and
Howe, 2003). Measurements of surface expression and activity of receptors
expressed in oocytes were performed as described (Zhang et al., 2009; Straub
et al., 2011). Further details are described in the Supplemental Experimental
Procedures.
Statistical Analysis
All data are given as the mean ± SEM. Statistical significance was calculated
using the unpaired Student’s t test or one-way ANOVA, as indicated.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
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